F1 that produced an extremely thermostable alkaline protease was isolated from decomposed oil palm branches. The isolated protease was purified to homogeneity by heat treatment, ultrafiltration and gel filtration chromatography with a 128-fold increase in specific activity and 75% recovery. The protease, which is a serine-type enzyme, has a relative molecular mass of 33 500 by sodium dodecyl sulphate-polyacrylamide gel electrophoresis but only 20000 by gel-filtration chromatography. The enzyme was optimally active at p H 9.0 and was stable for 24 h at 70 ° C and in the p H range from 8.0 to 10.0. It was capable of hydrolysing many soluble and insoluble protein substrates but no esterase activity was detected. The enzyme activity was markedly inhibited by Co 2+ and Hg 2+, whereas Mg 2+, Fe 2+, Cu 2+, Zn 2+ and Sr 2+ had little or no inhibitory effect. However, Mn 2+ strongly activated the protease activity. The protease exhibited a high degree of thermostability [tl/2 (85 ° C) = 4 h, (90 ° C) = 25 rain].
Introduction
The potential use of thermostable enzymes in a range of biotechnological applications is widely acknowledged. Their inherent stability at elevated temperatures and in the presence of organic solvents and denaturing agent should enable their use in processes that restrict conventional enzymes. Even though there is no firm evidence to suggest that thermostable enzymes are necessarily derived from thermophilic organisms, nevertheless there is a greater chance of finding thermostable proteins from thermophilic bacteria.
A wide range of microbial proteases from thermophilic species has been extensively purified and characterized. These include Thermus sp. (Peek et al. 1992;  Correspondence to: A. B. Salleh Taguchi et al. 1983; Cowan and Daniel 1982) , Desulfurococcus strain Tok12S1 (Cowan et al. 1987) Further studies on microbial proteases have been done in view of their structural-function relationship and industrial applications. A m o n g them are alkaline proteases derived from alkalophilic bacilli (Takami et al. 1989; D u r h a m et al. 1987) , which are known to be active and stable in highly alkaline conditions. Alkaline proteases have drawn the attention of many researchers due to their potential use as laundry additives.
During a screening p r o g r a m m e on thermophilic micro-organisms, a spore-forming bacterium was isolated that possessed high proteolytic activity in liquid culture. This paper reports the purification of the extracellular protease from B. stearotherrnophilus F1 and provides some information on its properties and characteristics.
Materials and methods
Bacterial strain. B. stearothermophiIus F1 was isolated from decomposed oil palm branches. It was shown to be able to grow up to 80 ° C.
Cultivation and medium.B, stearothermophilus F1 was cultured aerobically in a medium consisting of (g/l): CaC12'2H20, 0.5; KzFIPO4, 0.2; MgSO2"7H20, 0.5; NaC1, 0.1 and 1% peptone type in iv (Sigma) at 60 ° C for 24 h. The initial pH of the medium was pH 10.0. All cultivation was performed in 500-ml conical flasks in a horizontal shaker (100 rpm) in 50 ml medium.
Assay ofprotease activity. Protease activity was determined by a modification of the method described by Brock et al. (1982) . Azocasein (Sigma)(0.8%, i ml) dissolved in 0.1 M TRIS-HCll 2 mM CaC12, pH 9.0, was pipetted into Eppendorf tubes (capacity 1.5 ml) and preincubated at 70 ° C. The reaction was initiated by addition of 100 ~1 of enzyme solution, and performed at 70 ° C for 5 min (unless otherwise stated). An equal volume of 10% (w/v) trichloroacetic acid (TCA) was added to terminate the reaction and the mixture allowed to stand at room temperature for 30 min and then centrifuged at 13000 g for 10 min. The absorbance of the supernatant was determined at 450 nm. One unit (U) of azocaseinase activity was defined as the amount of enzyme activity 823 that produces a change of adsorbance (0.01 per min) at 450 nm at 70°C under the standard assay conditions. Protein determination. Protein was determined by method of Bradford (1976) using bovine serum albumin (BSA) as the standard.
HC1/2 mM CaC12, pH 9.0, at a concentration of 0.1%. The enzyme (25 ~1) was then added and reaction mixture incubated at 70°C for 15 min. The reaction was terminated with an equal volume of 10% (w/v) TCA at the end of the incubation period. After centrifugation, the absorbance values of the supernatant were monitored.
Purification. All steps in the following purification scheme were performed at room temperature (28-30 ° C). Culture medium was heat-treated in a water bath at 70 ° C for 3 h. Insoluble material was separated by centrifugation (13 000 g, 10 rain) and the supernatant was concentrated tenfold by ultrafiltration. The concentrated enzyme solution was next applied to a Sephadex G-100 column (1.6 x 95 cm). Further purification was achieved through the same column. The purified protease solution was lyophilised and stored at -8 0 ° C.
Electrophoresis. Homogeneity of the protease fraction was examined by the polyacrylamide gel electrophoresis (PAGE) method described by Laemmli (1970) . The protein was stained with Coomassie brilliant blue and the activity stain was done by a modification of the procedure by Arvidson and Wadstrom (1973) .
Relative molecular mass (Mr) determination. The Mrs were determined by both sodium dodecyl sulphate (SDS)-PAGE and gel filtration. Studies were carried out in the presence of Mr standards from Pharmacia (bovine serum albumin, ovalbumin, chymotrypsin A and ribonuclease A) in Sephadex G-100 column (1.6 cm x 95 cm), equilibrated at pH 9.0 with 20 mM TRIS-HC1/2 mM CaCla buffer containing 0.1 M NaC1.
SDS-PAGE was conducted with a vertical slab gel according to the method of Laemmli (1970) . Phosphorylase b (Mr =94000), bovine serum albumin (67000), ovalbumin (43000), carbonic anhydrase (30000), soybean trypsin inhibitor (20100) and cMactalbumin (14400) were used as the molecular markers (Pharmacia).
Effect of metal ions and inhibitors.
Patterns of inhibition were determined using inhibitors such as, phenylmethanesulphonyl fluoride (PMSF) (Boehringer), ethylenediaminetetracetic acid (EDTA) (Sigma), 4-aminophenylmethanesulphonyl fluoride
, p-chloromercuribenzoic acid (pCMB) (Sigma), antipain, aprotinin, leupeptin, phosphoramidon (all from Boehringer), elastinal, trypsin inhibitor, amastatin (all from Sigma) and chymostatin (Boehringer). The metal ions tested were Co 2+, Hg 2+, Mg 2+, Fe 2+, Cu 2+, Zn 2+, Sr 2+, Mn 2+ and Ca 2+. The protease preparation was incubated with the inhibitors and metal ions in the ratio 1 : 1 for 15 and 30 min at room temperature. The residual activity was determined as above.
Substrate specificity. Peptidase activity was determined by measuring the amount of p-nitroanitide release from the substrate benzoyl-DL-arginine p-nitroanilide (BAPNA) (Sigma) as described by Strongin et al. (1978) . The esterolytic activity was performed with benzoyl-L-arginine methyl ester (BAME), benzoyl-L-arginine ethyl ester (BAEE), p-tosyl-L-arginine methyl ester (TAME), benzoyl-L-tyrosine ethyl ester (BTEE) and acetyl-L-tyrosine ethyl ester (ATEE) (all from Sigma) as described by Strongin et al. (1978) with slight modification. Briefly the reaction mixture consisted of 0.1 ml enzyme solution in 100 mM TRIS-HCI/2 mM CaC12 buffer, pH 9.0, 0.3 ml of 1 M glycine/ NaOH buffer and i ml of the substrate. The activity was determined by monitoring the increase in optical density at 254 nm for BAME, BAEE, TAME and BTEE and the decrease in optical density at 237 nm for ATEE.
The protein substrates (albumin, casein, haemoglobin, azocasein and azocoll) were dissolved or suspended in 0.1 M TRIS-
Results and discussion

Enzyme purification
Heat treatment (3 h, 70 °C) removed 40% of the protein while retaining 100% of the initial protease activity. The enzyme fraction was eluted as a single peak of proteolytic activity on Sephadex G-100 column. Table  1 summarizes a typical purification result. The final step of purification resulted in removal of more than 99% of crude protein with a good recovery. A 128-fold purification with 75% recovery was obtained. The high specific activity and yield of the purified enzyme were probably due to enzyme stability during the purification steps. Higher purification and recovery were obtained for this protease as compared to some thermostable bacilli proteases (Takami et al. 1989; Shimogaki et al. 1991) . Both native PAGE and SDS-PAGE revealed one protein band. The band observed by native PAGE exhibited proteolytic activity as confirmed by the activity stain on agarose-azocasein agar.
Determination of Mr
The denatured enzyme, which migrated as a single band of stained protein by SDS-PAGE, had an Mr of 33500 (Fig. 1) . However, estimation by gel-filtration chromatography gave a lower value of 20000. Underestimation of the Mr by gel filtration has been observed for a number of extracellular microbial proteases (Peek et al. 1992; Gusek and Kinsella 1987; Takami et al. 1989) . Takami et al. (1989) suggested that this is a consequence of a high isoelectric point (pI) value, whereas Gusek and Kinsella (1987) attributed it to the structural difference between the thermostable enzyme and mesophilic proteins standards used. The Mr obtained was slightly higher than those reported for most bacterial alkaline proteases (15000 to 30000) Effect of pH on enzyme activity was examined in the pH range 5.0-12.0 (Fig. 2) . Maximal proteolytic activity towards azocaein was observed at pH 9.0. Figure 3 shows the effect of pH on enzyme stability. The enzyme was stable between pH 6.0 and 11.0 when incubated for 15 and 30 min. In this study the presence of calcium (2 mM) had no effect on stability (data not shown). In general, higher activities were observed when the enzyme was stored at slightly alkaline pH. However, when the enzyme was further incubated for 2 4 h at 70°C the protease appeared stable only between pH 8.0 and 10.0. Thermostable alkaline protease from Thermus sp. strain Rt 41A was only stable for 4 h at 70°C in the pH range 5.0-10.0 (Peek et al. 1992 ).
Effect of temperature on enzyme activity and stability 0 13
The effect of temperature on the protease activity towards azocasein is shown in Fig. 4 . The optimal temperature for the protease activity was 85 ° C. However, in the absence of calcium (2 mM), maximal enzyme activity occurred at 75 ° C, demonstrating the thermostability effect of calcium. To date, this protease showed the highest temperature optimum among extracellular proteases from Bacillus sp. (Takii et al. 1990; Takami et al. 1989; Ohta et al. 1966) , and is comparable to or higher than some extracellular proteases isolated from extreme thermophilic bacteria (Meloun et al. 1985 ; Gusek and Kinsella 1987). The enzyme was stable at temperatures between 70 and 95°C in the absence of substrate. Figure 5 shows the thermostability of the protease in the presence and absence of 2 mN Ca 2÷. The enzyme was quite stable even in the absence of Ca 2+. However, its presence helped to stabilize the enzyme further. Effect of temperature on enzyme stability. The enzyme in TRS-HC1 buffer, pH 9.0, with 2 mM Ca 2+ (A) and without 2 mM Ca 2+ (A) was preincubated for 15 min at the specified temperatures. The enzyme solution was cooled to 0°C and the residual activity was measured under the standard conditions
Effect of metal ions on enzyme activity
Most metal ions tested did not greatly affect the enzyme activity. However, Ca 2+ (slightly) and Mn 2+ (strongly) enhanced its activity. Manganase at 10 mM activated the protease activity by twofold. The presence of Co 2+ and Hg 2+ at 10 mM markedly inhibited the protease activity. Similarly, Mn 2+ was also shown to activate the activity of a thermostable alkaline protease (two-to threefold) (Manachini et al. 1988 ). In contrast, Shimogaki et al. (1991) showed that Mn z+ had little effect on the Bacillus sp. Y enzyme.
Effect of Ca 2+ and Mn 2+ on thermostability
The residual activity at 95°C increased from about 50% in 2 mM Ca 2+ to 70% in 14 mM Ca 2+ (Fig. 6) . A similar increase in protease activity at higher Ca 2+ concentrations was also reported by Cowan and Daniel (1982) . They suggested that the increase in activity may be due to enzyme activation occurring during the initial 60 min of the incubation. In this study since Mn 2+ (10 mM) activated the protease activity by twofold, its effect on thermostability of the enzyme was tested. As shown in Fig. 6 , the thermostability conferred by Ca 2+ was much greater than that of Mn 2+. Even though both Ca 2÷ (slightly) and Mn 2+ activated the enzyme activity, apparently only Ca 2+ satisfied the structural requirement for stabilization. Ca 2+ has been reported to play a major role in enzyme stabilization at higher temperatures (Cowan and Daniel 1982) . 
Effect of inhibitors on enzyme activity
Proteases can be classified by their sensitivitiy to various inhibitors (North 1982 ). The effect of a variety of inhibitors on enzyme activity of the purified protease Table 2 . The enzyme was totally inhibited by PMSF, a serine protease inhibitor. However, the protease was not inhibited by other serine protease inhibitors such as antipain, APMSF, TLCK, soybean trypsin inhibitors, chymostatin and leupeptin. Inhibitors of sulphhydryl protease (iodoacetamide, iodoacetatic acid, pCMB and E-64), metallo-protease ( E D T A and phosphoramidon) and aspartic protease (pestatin) as well as inhibitors of aminopeptidase had no effect on the enzyme activity. The results presented indicate that the enzyme is a serine protease. The protease did not have the characteristic of trypsin-, chymotrypsinor elastase-like enzymes since soybean trypsin inhibitor and TLCK, chymostatin and elastinal had no inhibitory effect on the activity.
Substrate specificity
The protease was active on a variety of modified (azocoll and azocasein) or natural proteins (BSA, casein and haemoglobin). The protease exhibited the highest activity on casein (Table 3) . Results with synthetic substrates confirm that no trypsin-like activity was present as B A P N A , a chromogenic trypsin substrate, was not hydrolysed. This was further supported as none of the ester substrates of trypsin ( B A E E , B A M E and T A M E ) and the ester substrates of chymotrypsin ( A T E E and B T E E ) tested were hydrolysed by the enzyme. Therefore, judging from the effect of inhibitor and substrate specificity studies, it can be concluded that the enzyme did not exhibit trypsin-like activity. Similarly, proteases from B. thermoruber (Manachini et al. 1988 ) and B. brevis (Kalebina et al. 1988 ) also show no trypsin-like activity.
